Abstract Batch cultures were carried out to study the kinetic, stoichiometry, and regulation of glucose and glutamine metabolism of a murine hybridoma line. Asymmetric logistic equations (ALEs) were used to fit total and viable cell density, and nutrient and metabolite/product concentrations. Since these equations were analytically differentiable, specific rates and yield coefficients were readily calculated. Asymmetric logistic equations described satisfactorily uncontrolled batch cultures, including death phase. Specific growth rate showed a Monod-type dependence on initial glucose and glutamine concentrations. Yield coefficients of cell and lactate from glucose, and cell and ammonium from glutamine were all found to change dramatically at low residual glucose and glutamine concentrations. Under stoichiometric glucose limitation, the glucose-to-cell yield increased and glucose-to-lactate yield decreased, indicating a metabolic shift. Under stoichiometric glutamine limitation the glutamine-to-cell and glutamine-to-ammonium yields increased, but also glucoseto-cell yield increased and the glucose-to-lactate yield decreased. Monoclonal antibody production was mainly non-growth associated, independently of glucose and glutamine levels.
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Introduction
Monoclonal antibodies (MAbs) are one of the most important biological products, gaining an important role in immunodiagnosis, tumour imaging, drug delivery system, cancer treatment and further areas of biological research (Carter 2006) . The growing use of MAbs increases the importance of rapid and reliable large-scale production. Many efforts have been made to produce high MAb titer in consideration of economical effectivity (Voigt and Zintl 1999; Jang and Barford 2000) . Culture conditions and medium compounds have a significant impact on cell growth and MAb production by hybridoma cell lines (Lambert and Merten 1997; Barnabé and Butler 2000) . Glucose is the major carbon and energy source for cell, whereas glutamine is the mayor nitrogen source (McKeehan 1982; Thilly 1986 ). Glucose and glutamine are usually assumed to be the cell-growth-limiting nutrients (Dalili et al. 1990) . Under different chemical environments, cells can utilize glucose and glutamine differently (Zielke et al. 1978; Reitzer et al. 1979; Zielke et al. 1984; Gambhir et al. 1999; Tsao et al. 2005; Maranga and Goochee 2006) . The proportion of each nutrient consumed by different pathways depends on the metabolic state of cells, which is also dependent on the nutrient environment (Cruz et al. 1999a) .
Several waste products of cell metabolism have been reported to be inhibitory or toxic to cells. Lactate and ammonia are the most important (Cruz et al. 2000; Patel et al. 2000; Kala and Hertz 2005; Chen and Harcum 2006) . Lactate excretion is mainly due to incomplete oxidation of glucose by glycolytic pathway (Miller et al. 1988; Ozturk et al. 1992; Wentz and Shügerl 1992; Schneider et al. 1996) . Ammonia released by cells is due to amino acids metabolism, mainly that of glutamine (Schneider et al. 1996) . A part of the ammonia that accumulates in the medium is not due to cellular metabolism but to chemical decomposition of glutamine (Ozturk and Palsson 1990) .
Attempts have been made to control cell metabolism and to reduce the production of those metabolites by manipulating the concentration of glucose (Hu et al. 1987) , glutamine (Glacken et al. 1986) or both (Ljungreen and Häggström 1994) . For hybridoma cells, it has been shown that significant alterations of the metabolism can occur as a result of reduced nutrient concentrations (Linz et al. 1997; Maranga and Goochee 2006) .
All of these variables are quantified using cell specific rates that enable comparison of cell lines and cultivation conditions. Accurate estimation of specific rates is thus vital to meaningfully interpret results from bioprocess optimisation experiments (Goudar et al. 2005) . A conventional approach to model mammalian cells growth in batch cultures has been through the use of unstructured kinetic models (Kontoravdi et al. 2005) . Although these models have adequately described experimental data, they are computationally not practical to implement as they involve non-linear estimation of a large number of kinetic parameters from a system of differential equations. Analytical solutions of the differential equations describing the state variables have also been used to estimate specific rates (Altamirano et al. 2000) . These solutions are derived under the assumption that the specific rates are constant, as can be expected during the exponential growth phase. These have limited applicability to the other phases of batch cultures where specific rates are not constant (Goudar et al. 2005) . Logistic and sigmoid equations (LEs) have been successfully used to describe population dynamic in a variety of applications (Edwards and Wilke 1968; Sangsuurasak and Mitchel 1995; Contreras et al. 1998; Tsoularis and Wallace 2002) and recently have been reported to model experimental data from mammalian cell batch and fedbatch cultures (Goudar et al. 2005) .
The objective of this work is to characterize the metabolism of glucose and glutamine of a hybridoma cell line, especially at low levels of nutrients, to examine kinetic, stoichiometry and potential regulation of glycolysis and glutaminolysis in this cell line. Batch cultures at different glucose and glutamine concentrations were conducted. Two asymmetric logistic equations (ALEs) were used to model cell culture data and specific rates were readily obtained from these analytically differentiable equations. Our work demonstrates that these equations can be used to model uncontrolled batch cultures, including lag and death phases.
Materials and methods
The cell line, a mouse-mouse B cell hybridoma, designated 55-6 (ATCC: CRL-2156), produces IgG2a MAbs to human immunodeficiency virus (HIV) glycoprotein 120 (gp120). The cells were grown in RPMI 1640 medium (Sigma, R-8758) supplemented with 10% fetal bovine serum (FBS) (Sigma, F-7524), 2.1 mM L-glutamine (Sigma, , 100 U/mL penicillin-streptomycin (Sigma, P-4333), 0.125 lg/ mL amphotericin B (Sigma, A-2942), hypoxanthinethymidine (HT) Media Supplement (50X) HybriMax*Gamm (Sigma, , and incubated at 37°C in 5% CO 2 atmosphere.
Cultures were carried out in duplicate in 75 cm 2 T-flasks at different concentrations of glucose and L-glutamine based on RPMI-1640 medium without L-glutamine (11 mM glucose) (Sigma, R-5886) or without glucose (2.1 mM L-glutamine) (Gibco, 11879-020 
Data analysis
The data analysis was performed by fitting the experimental data to appropriate functions by leastsquares method. To fit total and viable cell density, X(t), versus culture time, t, the following ALE was used:
where a-e are equation parameters. Experimental data of glucose, L-glutamine, lactate, ammonia and MAb, C(t), versus culture time, t, were fitted using the following ALE:
where f-j are equation parameters. Mammalian cells in batch cultures exhibit a sharp decline in cell density following the stationary phase (asymmetric growth curve). Nutrients decay and products increase curves are asymmetric as well; a behaviour that cannot be described by the standard (symmetric) logistic equations. A previous discrimination analysis of equations using the F-test proved that Eqs. (1) and (2) fits were statistically superior to others equations at the 95% confidence level. Nonetheless, it should be emphasized that not all the parameters in Eqs. (1) and (2) have any direct biological meaning (Edwards and Wilke 1968; Mendieta et al. 1996) . Hence, in this work Eqs. (1) and (2) are used just as mathematical tools which reproduce the experimental results, making it possible to calculate explicitly their values and their derivatives, logically constraining the fit.
From Eqs. (1) and (2), growth rates, metabolic uptake and waste production rates were calculated as function of time (transient kinetics) as defined below:
In Eqs. (5) and (7), k is a rate constant accounting for the spontaneous decomposition of glutamine as a first-order reaction with a value of 0.0034 h À1 (Ozturk and Palsson 1990) . The apparent yields were calculated from Eqs. (3)-(8) using the corresponding specific metabolic rates:
Results
As an example of the experimental data, Fig. 1 shows the time profiles of viable cell density, nutrient, and metabolite concentrations for two representative experiments ([Glc] 0 = 5.5 mM, [Gln] 0 = 2.1 mM and [Glc] 0 = 11 mM, [Gln] 0 = 1.7 mM).
It may be observed in Fig. 1 that the selected ALEs were able to fit different asymmetric behaviours. Figure 2 shows data for viable cell density, X V , and antibody concentration, [MAb] (Fig. 1a) comparable to those reported for other hybridoma lines (Pörtner and Schäfer 1996; Jeong and Wang 1995; deTremblay et al. 1992; Dalili et al. 1990; Glacken et al. 1989; Miller et al. 1988 ). The growth curves in Fig. 3 do not show any kinetic limitation pattern above [Glc] 0 = 1 mM and [Gln] 0 = 0.2 mM. The pattern is rather one of purely stoichiometric limitation, since the maximum cell density increased with increasing [Glc] 0 and [Gln] 0 (see Fig. 1 ). Therefore, to avoid superimposing the kinetic and stoichiometric limitation effects, in the following analysis, only the experiments with glucose concentration over 1 mM and glutamine concentrations over 0.2 mM are discussed. [Glc] 0 =1.5 mM [Glc] 0 =1.5 mM 
where (Y Xt/Glc ) min is the minimum Y Xt/Glc , estimated to be 0.10 · 10 9 cells mmol À1 and A is a constant with a value of 0.5 mM glucose. Nonetheless, for high [Glc] 0 (11.5 and 21 mM), glucose never limited the culture, because glutamine was already exhausted before that, and an increase in Y Xt/Glc was observed as well. As may be seen in Fig. 4b , Y Xt/Glc started to increase when [Gln] R became limiting (around 0.2 mM). This seems to indicate that [Gln] R affects glucose consumption in this cell line, since when glutamine limitation begins, glucose consumption is reduced, because the lack of glutamine cannot be compensated by glucose. Figure 4b suggests a relationship similar to the one in Eq. (9) In the glutamine experiments, Y Xt/Glc tended to a constant value, similar to the glucose experiments. When glutamine became limiting (around 0.2 mM), Y Xt/Glc increased (Fig. 5a ). This corroborates the comments above on the glucose experiments. Figure 4c shows Y Xt/Gln in all experiments. Y Xt/Gln increased significantly at [Gln] R below 0.2 mM, indicating that, under these conditions, the glutamine metabolism was more effective and, clearly, no effect of glucose concentration was observed, although this nutrient was completely exhausted at low ([Glc] R \ 1-1.5 mM) Y Lac/Glc decreased to almost 0, strongly suggesting a metabolic shift from a high to lowlactate-producing metabolism.
It may be observed in Fig. 5b Figure 5c shows that when Y Lac/Glc for high [Glc] 0 (11.5 and 21.0 mM) is plotted against [Gln] R , a Michaelis-Menten behaviour is also observed. It therefore seems that under stoichiometric glutamine limitation, the key parameter affecting the glucose metabolism, at least in this cell line, is not the [Glc] R in the culture but the [Gln] R . This agrees with the results found for cell production as described above.
In glutamine experiments, a linear relationship was found between q Lac and q Glc with a slope of about 1.5 mmol mmol À1 (Fig. 5a ). (Fig. 6b) , an increase in Y A/Gln at low 
MAb production
The influence of l on q MAb plotted in Fig. 7 for all experiments suggests a combined model expressed as:
with a denoting the growth-dependent and b the growth-independent term (Pirt 1975 
Discussion
In this paper, two five-parameter ALEs were used to fit the time profiles of total and viable cell densities, nutrients, metabolites and product concentrations in batch cultures. Specific rates were readily calculated from the inoculation through the cell death phase (Eqs. (3)- (8)). There is excellent agreement between the values derived from these equations and experimental data for all data sets, supporting the validity of this approach. As pointed out by Goudar et al. (2005) , specific uptake and production rates, as well as cell growth rate, are the key input data in metabolic flux analysis. The goodness of fit achieved with the equations presented here provides a practical, more reliable way to estimate specific rates that should enable more robust metabolic flux computation.
Cell production Y Xt/Glc of around 0.1 · 10 9 cells mmol À1 found at glucose concentrations above 1 mM (Fig. 5a ) correlate well with reported values of 0.27-0.57 · 10 9 cells mmol À1 for hybridoma cells Hägg-ström 1992, 1994 ) and of 0.1-0.4 · 10 9 cells mmol À1 for BHK cells (Linz et al. 1997; Cruz et al. 1999b) . The increase at [Glc] R of \1 mM agrees with the results of Frame and Hu (1991) for hybridoma cells and Linz et al. (1997) and Cruz et al. (1999b) (Ljungreen and Häggström 1994; Frame and Hu 1991) and BHK cells (Linz et al. 1997; Cruz et al. 1999b) . The increase in Y Xt/Gln at low [Gln] R suggests that if the glucose supply is limited, glutamine may compensate for and replace glucose; and cells may shift part of their metabolic pathway from glycolysis to glutaminolysis as previously reported (Cruz et al. 1999a, b; Li et al. 2005 ).
Lactate production
The slope of q Lac versus q Glc (2 mmol mmol
À1
) is the same as reported by Miller (1987) and Wu et al. (1992) , although slightly higher than those usually reported for batch cultures in literature (1.4-1.7) (Zeng et al. 1998) . The decrease in Y Lac/Glc at low [Glc] R shows that glucose is being metabolised by different pathways leading to more energetically efficient utilization (low lactate production) of glucose (Zhou et al. 1995; Cruz et al. 1999b) .
In glutamine experiments, the slope of q Lac versus q Glc (1.49 mmol mmol À1 ) is similar to reports in literature for batch cultures (1.4-1.7) (Zeng et al. 1998) . The decrease in Y Lac/Glc at low [Gln] R agrees with the data found by other authors in batch and chemostat cultures for different hybridoma cells. Jeong and Wang (1995) found that in batch cultures, when [Gln] 0 decreased from 6 to 0 mM, average Y Lac/Glc decreased more than 50% and q Glc was also affected. Vriezen et al. (1997) reported that in chemostat cultures, glutamine feed concentration influenced q Glc and Y Lac/Glc as well. Cruz et al. (1999b) found similar results with BHK cells.
Ammonium production
Y A/Gln of around 0.8 mmol mmol À1 found for [Gln] R above 0.2 mM is in agreement with the literature for hybridoma cells, 0.6-0.76 (Ozturk and Palsson 1991) , and BHK cells, 0.5-1.5 (Linz et al. 1997; Cruz et al. 1999b) , and reflects the importance of the transamination pathway in the glutamine metabolism, as reported by Zupke et al. (1995) . The increase in Y A/ Gln at low [Gln] R may be the result of an increase in consumption of other amino acids (Linz et al. 1997; Zeng et al. 1998; Li et al. 2005) and/or because a higher proportion of glutamine is entering the TCA cycle by glutamate dehydrogenase, because the cell needs to obtain the most ATP out of glutamine (Cruz et al. 1999b ), leading to the conclusion that a more efficient glutamine metabolism is occurring (Ljungreen and Häggström 1994) . So, under low [Gln] R , cells must use glutamine in the most efficient way, producing more ATP molecules but, consequently, also producing more ammonia per glutamine molecule (Cruz et al. 1999a ).
Reciprocal regulation of glucose and glutamine utilization
In the discussion above, glucose and glutamine metabolism was shown to be affected by their residual concentrations. It is well known that mammalian cells use both glucose and glutamine for energy generation. Theoretically, a reduction in the concentration of one of these two nutrients could lead to higher specific consumption of the other. This has been reported for human diploid fibroblasts (Zielke et al. 1984) , hybridomas (Hu et al. 1987; Ljungreen and Häggström 1994) and BHK cells (Cruz et al. 1999b) . But, as pointed out by Vriezen et al. (1997) , it is much more complicated because glutamine is also a major nitrogen donor and glutamine catabolism can use both trans-and deaminating pathways. The ratio of specific consumption of glutamine to specific consumption of glucose (q Gln /q Glc ) has been the traditional parameter to study the reciprocal regulation of glucose and glutamine utilization (Vriezen et al. 1997; Zeng et al. 1998 ). This ratio has been found to correlate with [Glc] R . It decreases with increase in glucose concentration and reaches a constant value between 0.2 mmol mmol À1 and 0.5 mmol mmol À1 over [Glc] R = 1À1.5 mM, the maximum q Gln /q Glc ratio being cell-line specific (Zeng et al. 1998) . Figure 8 shows q Gln /q Glc for the different glucose and glutamine experiments in our work. q Gln /q Glc can be expressed by the equation:
The estimated value of (q Gln /q Glc ) min was 0.2 mmol mmol À1 , which agrees with the results of Zeng et al. (1998) . The B constant was 0.55 mM glucose, which is higher than the previously reported (0.03-0.05 mM) for hybridoma cells (Zeng et al. 1998) . Although no significant change in q Gln /q Glc was observed in the experiments at different [Gln] 0 , there was a significant increase when [Glc] R remained below 1-1.5 mM in experiments at different [Glc] 0 . According to Cruz et al. (1999b) , this could be explained by the fact that glucose and glutamine are the main carbon and energy sources, and as glutamine is a highly important metabolic building block, its decrease is not compensated by glucose, but the role of glucose as an energy source can be compensated by glutamine. Furthermore, Paquette et al. (2005) have reported that glutamine starvation induces an apoptotic program of cell death in murine hybridoma Sp2/0. According to these authors, Sp2/0 cells were irreversibly committed to die after only 2 h of glutamine starvation.
MAb production
It is well known that the specific MAb production rate, q MAb , differs significantly between different cell lines with respect to the level of productivity as well as to the influence of culture conditions. In most cases q MAb is related to the specific growth rate, l, and is found to increase or decrease with increasing growth rate or be independent. A number of unstructured and structured models have been proposed to represent q MAb . The unstructured model equations show a wide variety of different approaches reflecting the different behaviour of the cell lines investigated (see Pörtner and Schäfer (1996) for a review). a and b found in our work are independent of glucose and glutamine level and show a predominance of non-growthassociated MAb production in this cell line.
Conclusions
Most previous work on this subject has been done in very well-controlled bioreactors where key variables such as dissolved oxygen tension and pH were carefully monitored and strictly controlled. In addition, most relevant conclusions were obtained in steady state or pseudo-steady state conditions in chemostat, perfusion, semi-perfusion or repeated fedbatch cultures, where clear correlations between variables can be assigned. In this work, two ALEs were used to accurately fit cell density, nutrient and metabolite time profiles. Time derivatives of these variables were easily computed, resulting in rapid estimation of specific rates and yield coefficients. It was shown that these equations can be used to model batch animal cell cultures in which environmental conditions are continuously changing. Specific growth rate and glucose and glutamine stoichiometric ratios are independent of glucose and glutamine concentrations over the range normally employed in cell culture media. However, for low nutrient levels ([Glc] R \ 1 mM and [Gln] R \ 0.2 mM), cell metabolism changes significantly, shifting to more efficient states. The glucose and glutamine uptake rates are markedly reduced at low nutrient levels, leading to a more effective utilization of these nutrients for energy metabolism and biosynthesis. It was observed that glucose metabolism in this cell line is affected by glutamine at low [Gln] R . MAb production is well represented by a combined model in which the parameters suggest a mainly non-growth-associated production of MAb. The cell physiology changes observed should be considered when establishing strategies for metabolic optimisation and in designing an optimal medium and/or feeding strategy for relevant culture processes.
